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ABSTRACT
Metallurgical Characterization and Residual Stress Measurements of Target
Structural Materials
by
Vikram Marthandam
Dr. Ajit K. Roy, Examination Committee Chair 
Associate Professor of Meehanical Engineering 
University of Nevada, Las Vegas
This investigation is focused on the evaluation of residual stresses in target structural 
materials due to plastic deformation and welding by using both destructive ring-core 
(RC) method and nondestructive techniques including positron annihilation spectroscopy 
(PAS), neutron diffraction (ND) and x-ray diffraction (XRD) methods. Materials tested 
were austenitic Type 304L SS and martensitic Alloys EP-823 and HT-9. Types of 
specimen tested include cold-worked (CW), three-point-bent and welded specimens 
consisting of similar and dissimilar materials. The CW specimens showed increased 
residual stresses with an increase in cold reduction level. Measurements made on the 
welded specimens revealed higher residual stresses close to the fusion line (FL), which 
became reduced at distances away from the FL. Comparisons of RC data to those 
obtained on CW and welded specimens by the ND, PAS and XRD methods showed 
consistent stress patterns. Metallographic evaluations by optical microscopy revealed 
microstructures characteristic of austenitic and martensitic stainless steel showing the 
weld metal, heat-affected-zone and the base metal.
Ill
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CHAPTER 1 
INTRODUCTION
Significant efforts are ongoing in the United States to dispose of spent nuclear fuels 
(SNF) and high-level waste (HEW) in a geologic repository at the Yucca mountain site in 
southern Nevada. This repository is being designed to contain significant amount of 
SNF/HLW for 10,000 years. In view of this long disposal period and the necessity to 
accommodate future radioactive materials in the same repository, the US Department of 
Energy had been exploring the possibility of alternate approaches in addition to the direct 
disposal of SNF/HLW.
One such approach is transmutation of minor actinides (MA) and fission products 
(FP) from SNF/HLW to reduce their half-lives. The transmutation proeess involves 
bombardment of a target material with protons generated either by an accelerator or a 
thermal reactor, thereby producing neutrons. These neutrons are then impinged upon 
SNF/HLW at a very high speed thus ejecting MA/FP. This process results in a significant 
reduction in the half-lives of the radioactive materials contained in SNF/HLW. This 
reduction in the half-lives would, thus, enable the disposal of these radioactive materials 
for shorter duration in the proposed geologic repository. This concept is shown in Figure 
1 . 1 .
Molten lead-bismuth-eutectic (LBE) has been proposed to be a spallation target 
producing source neutrons from the incident proton beam and simultaneously aeting as a
1
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blanket coolant, thus, removing the generated heat. This molten LBE will be contained in 
a structural container made of a suitable material. When neutrons are generated by a 
spallation-neutron-target (SNT) system, the structural material may be subjected to 
plastic or mechanical deformations due to the force generated by repeated bombardment 
of the high-speed protons onto the molten LBE. This often causes the temperature in and 
around the target material to rise considerably, often reaching a temperature in the 
vicinity of 400-600^C.
The structural container will be fabricated using normal manufacturing processes 
such as cold deformation, mechanical forming and welding of similar and dissimilar 
materials. These processes can result in the development of adverse residual stresses in 
the structural container materials unless they are relieved by proper thermal treatments. 
Further, during the welding operation involving similar or dissimilar materials, residual 
stresses can be generated due to the rapid rate of solidification, differences in coefficients 
of expansion/contraction, and dissimilar metallurgical microstructures developed at the 
weld, fusion line, the heat-affected-zone (HAZ), and the base material. Combination of 
residual stresses and elevated operating temperatures during the transmutation process 
can, thus, significantly influence the performance of the target structural material.
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Figure 1.1 Schematic Illustration of Accelerator-Driven Transmutation System
A state of stress that may exist in the bulk of the material without application of an 
external load (including gravity) or other sources of stress, such as thermal gradient, is 
called a residual or internal stress. Residual stresses can be classified into three kinds 
according to the distance or range over which they can be observed. The first type of 
residual stress, termed macroscopic, is long-range in nature, extending over at least 
several grains of the materials, and many more. The second kind of residual stress, often 
called structural microstress, covers a distance of one grain or a part of a grain. It can 
occur between different phases and have different physical characteristics, or between 
embedded particles, such as inclusions, and the matrix. The third kind of residual stress 
ranges over several atomic distances within the grain, and is equilibrated over a small 
part of the grain. Figure 1.2 elucidates the difference between macro and micro stresses.
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Figure 1.2 Descriptions of Macro and Micro Stresses
Residual stresses are a consequence of interactions among time, temperature, 
deformation, and microstructure. Material or material-related characteristics that 
influence the development of residual stress include thermal conductivity, elastic 
modulus, Poisson’s ratio, plasticity, thermodynamics and kinematics of transformations, 
mechanisms of transformations, and transformation plasticity.
Residual stresses can be developed in materials and engineering components during 
manufacturing by different processes. Some of these processes are plastic deformation or 
forming, including rolling, drawing, extruding, bending, forging, pressing, spinning, shot- 
peening, laser shock, welding, brazing sprayed coating, cladding, electrodeposition, 
machining, grinding and during thermochemical treatment including quenching, laser and 
plasma heat treatment, carburizing, nitriding, case hardening, ion plating and a 
combination of these treatments, casting and during cooling of a multiphase material.
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such as metal matrix composite. Compressive residual stress has a beneficial effect on 
the fatigue life, crack propagation and stress corrosion of materials whereas tensile 
residual stress can reduce their performance capacity.
The United States Department of Energy is interested to develop nondestructive 
positron annihilation spectroscopy (PAS) as a standardized tool for measuring residual 
stresses in materials subjected to plastic deformation, cold-work and welding involving 
similar and dissimilar metallic materials. While the PAS technique has been utilized for 
other applications, very little or no data currently exists as to the applicability of this 
technique for residual or internal stress measurements. Thus, it is a major challenge to the 
scientific community to apply this technique for such applications. In the process of 
standardizing the PAS technique as a useful method for stress measurements, other 
nondestructive methods such as neutron diffraction (ND) and x-ray diffraction (XRD), 
and a destructive ring-core (RC) method also need to be explored to characterize and 
compare the resultant data. In light of this rationale, this project has been focused on 
using all four techniques to measure residual stresses in candidate target structural 
materials of interest.
However, this thesis is primarily focused on the utilization of the RC method for such 
applications. This method is based on the destruction of the state of equilibrium of the 
residual stresses in a mechanical component. The RC method is a mechanical/strain gage 
technique employed to determine the principal residual stress as a function of depth in 
polycrystalline and/or amorphous material. This method involves the localized removal 
of stressed material using an incremental ring coring (mechanical dissection) device, and 
measurement of strain relief in the adjacent material. The strain change is selected as the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
parameter to be studied. A new state of stress is created by machining or layer removal. 
The resultant stress is detected by measuring the strain that enables the calculation of 
residual stresses by using the elastic theory. Data generated by the other three techniques 
have also been included in this thesis for valid comparison of the measured stresses as a 
function of different metallurgical variables. Metallographic data using optical 
microscopy have also been presented. In essence, an in-depth understanding of the 
resultant residual stress data has been presented through analyses and interpretation of the 
experimental data generated by both destructive and non-destructive techniques.
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CHAPTER 2 
MATERIALS
2.1 Test Material
The materials used for residual stress measurements in this research project are 
austenitic Type 304L stainless steel (SS) and martensitic Alloys EP-823 and HT-9. These 
materials have several favorable properties such as corrosion resistance and strength and 
hence, they are widely used as structural materials in ADS.
Stainless steels are high alloy steels that have excellent corrosion resistance compared 
to other steels due to their high chromium contents. Stainless steels can be divided into 
three basic groups based on their crystalline structure, namely austenitic, martensitic and 
ferritic. Austenitic stainless steels are non-magnetic and non heat-treatable steels that are 
usually cold-worked and annealed. They have excellent corrosion resistance and 
mechanical properties over a wide range of temperature.
Austenitic stainless steels can further be subdivided into Cr-Ni and Cr-Mn low nickel 
steels. Cr-Ni steels are widely used and are known as 18-8 Cr-Ni steels. The ratio of Cr 
and Ni can be altered to improve its formability. The carbon content can be reduced to 
improve the intergranular corrosion resistance. Similarly, addition of molybdenum can 
improve its localized corrosion (pitting/crevice) resistance.
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Martensitic stainless steels are magnetic in nature and they can be easily heat-treated 
by quenching and tempering. These hardenable stainless steels are resistant to 
atmospheric and aqueous corrosion. However, their corrosion resistance may be 
adversely affected by exposure to corrosive solutions such as salty water. These grades 
of stainless steels have Cr in the range of 11 to 17% as a major alloying element. The 
carbon content in these SS can vary from 0.10 to 0.65% to influence the hardening 
characteristics of these alloys. Usually the high C content in these materials enables them 
to be hardened by heat-treatment.
Type 304L SS exhibits excellent corrosion resistance in solutions used in the 
chemical, textile, petroleum, and dairy and food industries. The maximum temperature to 
which Type 304L SS can be continuously exposed without appreciable scaling is about 
899°C. High hardness and strength in these alloys can be achieved through cold-working. 
In the annealed condition. Type 304L SS is very ductile and can be cold-worked easily by 
roll forming, deep drawing and other common fabrication methods. Since this material 
work-hardens rapidly, in-process annealing may be necessary to restore ductility and to 
reduce the hardness. Its combination of low yield strength and high elongation makes it 
formable and drawable.
Martensitic alloy EP-823 is a Russian nuclear grade iron-nickel-chromium- 
molybdenum (Fe-Ni-Cr-Mo) SS with high silicon (Si) content. This material has served 
as structural components in various fission reactors and may serve in future fusion 
devices. At temperatures below 500°C, this stainless steel retains its high strength, but at 
higher temperatures, a sharp decrease in the strength is observed.
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Alloy HT-9 is a Swedish nuclear grade martensitic Fe-Ni-Cr-Mo SS. This alloy 
has been widely used in structural applications in supercritical power plants. It has 
lower coefficient of thermal expansion and higher thermal conductivity than austenitic 
SS. It exhibits high swelling resistance in fast neutron, ion, and electron irradiation 
conditions. High creep strength is one of its beneficial features. Alloy HT-9 has higher 
corrosion resistance than austenitic Ni-based alloys. Typical mechanical and physical 
properties of these three alloys are shown in Table 2.1.
Table 2.1 Mechanical and Physical Properties of Materials Tested
Property Type 
304L SS
Alloy
EP-823
Alloy
HT-9
Modulus o f  Elasticity (* 10^) Ksi 193 207 160
Poisson’s Ratio at Ambient Temperature 0.23 0.29 0.33
Coefficient o f  Thermal Expansion °C *  10'^ 9.4 Not
available
12.5
Yield Strength Ksi 55 111 118
Thermal Conductivity W/m*K 16.2 Not
available
28
All three tested materials were melted by a vacuum-induction-melting practice at the 
Timken Research Laboratory (TRL), Canton, OH. They were subsequently forged and 
rolled into plate materials of desired dimensions. Heat-treatment was performed on these 
materials prior to fabrication of the test specimens. Type 304L SS plates were 
austenitized at 1010°C for 1 hour followed by air-cooling, thus producing a fully- 
austenitic microstructure. Alloys EP-823 and HT-9 were also austenitized at the same
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
temperature followed by oil quenching. The quenched plates were then subjected to 
tempering at 621°C followed by air-cooling. This is performed to produce a fully- 
tempered martensitic microstructure eliminating the austenite. The chemical composition 
of the materials tested are shown in Table 2.2
Table 2.2 Chemical Composition of Materials Tested (wt%)
M aterial/ 
Heat N o.
E lem ents (w t %)
C M n P S Si Cr N i M o Cu w A1 Fe
Type
304L
SS^J55
0.02 1.63 0.003 0.005 0.40 18.20 9.55 0.03 0.03 - 0.011 Bal
A lloy EP- 
823/2154 0.17 0.54 0.005 0.004 1.11 11.69 0.65 0.73 0.01 0.63 0.023 Bal
Alloy HT- 
9/2239 0.20 0.40 0.011 0.003 0.19 12.50 0.53 0.99 0.01 0.46 0.029 Bal
2.2 Test Specimens
The experimental heats of all three materials were used to fabricate three different 
types of test specimens. The specimen configurations used in this research project 
include cold worked, three-point-bent and welded specimens. A part of the heat-treated 
plates were plastically deformed by cold rolling, in order to reduce the thickness of the 
plate by approximately 3, 7 and 11% respectively. The rectangular beams were subjected 
to three-point-bending process in order to produce a gradual residual stress gradient along
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
its length. Prior to deformation, all the beams were electropolished to remove the surface 
cold working resulting from the machining operations. During the bending operation, the 
outer supports were separated by 10 inches and the center of the beam was displaced by
1.5 inches. Welded specimens consisting of similar materials (Type 304L SS, Alloys EP- 
823 and HT-9) and dissimilar materials (Type 304L SS and Alloy EP-823) were 
fabricated by a process called gas-tungsten-arc-welding (GTAW). For welded specimens 
consisting of austenitic and martensitic SS on both sides. Type 308L SS and Type 2283L 
SS, respectively were used. For the welded specimen consisting of an austenitic and 
martensitic SS on each side, IN 82 was used as the filler material. The specimen 
configurations are shown in Figure 2.1.
Figure 2.1 Specimen Configurations
II
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CHAPTER 3
EXPERIMENTAL TECHNIQUES 
This research project is focused on measuring residual stresses in target structural 
materials using both destructive and nondestructive techniques. These techniques include 
positron annihilation spectroscopy (PAS), x-ray diffraction (XRD), neutron diffraction 
(ND) and ring-core (RC) methods. Although all four test methods were utilized to 
perform residual stress measurements on all three types of specimen configurations, this 
thesis emphasizes the use of destructive RC method for residual stress measurements.
3.1 Positron Annihilation Spectroscopy
The PAS technique has been well established for the characterization of defects in 
materials. Unlike the conventional PAS technique that utilizes slow positron beams 
from radioactive sources, the y-ray-induced PAS method utilizes the high penetrability of 
y-rays to extend positron annihilation spectroscopy into thick samples. This enables 
the measurement of stresses, strains and defects in materials of interest. Positrons were 
generated inside the test specimen by a collimated bremsstrahlung beam from a 6 MeV 
pulsed linear accelerator (Linac). Each positron generated by this technique thermalized 
and annihilated with one of the sample electrons emitting two annihilated photons having 
511 keV energy, back to back. These annihilated photons were recorded by a high-energy
12
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resolution, high-purity-germanium (HPGe) detector, and the resultant data were 
analyzed in terms of three line shape parameters such as S, W and T of the 511 keV 
annihilation peak. The residual stresses developed in the test specimens were
quantitatively analyzed using these parameters. A description of the line shape 
parameters are shown in Figure 3.1
E N E R G Y
E N E R G Y
E N E R G Y
Figure 3.1 Line Shape Parameters (S, W& T)
13
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3.2 X-Ray Diffraction
When a material is stressed, the resultant elastic strains cause the atomic planes in the 
metallic crystal structure to change their spacing. Since metals are composed of atoms 
arranged in a regular three-dimensional array to form a crystal, most metallic components 
of practical use consist of many tiny crystals or grains, randomly-oriented with respect to 
their crystalline arrangement, and are fused together to make a bulk solid. When such a 
polycrystalline material is subjected to stress, elastic strains are produced in the crystal 
lattice of the individual crystallite. XRD has the capability to measure the interatomic 
spacing (d-spacing), which are indicative of the elastic strain in the specimen. Changes in 
the interatomic spacing can, therefore, be related to the elastic strain in the material and 
hence, to the stress. This technique involves repeated scanning of a selected peak with 
the specimen orientated at an increasing angle to the incident beam. The x-ray beam is 
directed onto the sample surface at the location of interest. A position-sensitive 
proportional counter detects the diffracted beam. The angular position (20) of the 
diffracted beam is used to calculate the d-spacing between parallel planes of atoms using 
the Bragg’s law. A series of measurements made at different x-ray beam approach angles 
(\|/) were used to fully characterize the d-spacing. The slope of the least squares fît on a 
graph of the d-spacing versus sin  ^\\i was used to calculate the stress.
3.3 Neutron Diffraction
The ND method relies on elastic deformations within a polycrystalline material that 
causes changes in the spacing of the lattice planes from their stress free value. Although 
stress measurements by XRD is well established, it is particularly limited to the stresses
14
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near the surface. ND measurements are carried out in the same way as with XRD, 
with a detector moving around a sample, locating the positions of high intensity 
diffracted beams. The greatest advantage that neutrons have over x-rays is their 
capabilities to penetrate into greater depths that make them suitable for measurements at 
near surface depths of around 0.2mm down to bulk measurements of up to 1 cm.
3.4 Ring-Core Method
Currently, there are four different methods for determining residual stresses in 
components using strain gages. They are: cutting-down method, layer-removal method, 
hole-drilling method and ring-core (RC) method. The measurement object is fitted with 
as many strain gages as possible in the cutting-down method and is then sawed into a 
large number of small parts. The layer-removal method is based on the removal of thin 
surface layers from one side of the measurement object and the resulting deformations 
are measured on the opposite side with strain gages. During the hole-drilling method, a 
small hole is made in the measurement object and the changes of strain occurring in three 
radial directions are measured using a special strain-gage rosette. The RC method 
involves milling of an annular groove on the surface of the measurement object around a 
special strain-gage rosette, which is bonded to the surface. A common feature of all four 
methods is that the changes of strain are measured, which are then used to calculate the 
residual stress.
The principle of residual stress measurement using strain gages is based on the 
mounting of strain gages on the surface of a component under examination, followed by 
subsequent disturbance of the equilibrium present in the component by external
15
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mechanical interference. A new state of equilibrium is produced as a result of the 
interference brought about by the machining operation. The strains occurring at the 
surface of the measurement object are evaluated by strain gages. Inferences regarding 
residual stress state present in the component before the interference takes place can be 
drawn from the measured changes of strain. This principle requires a certain degree of 
destruction of the measuring object
The RC method is a mechanical/strain gage technique used to describe the principle 
residual stresses as a function of depth in polycrystalline or amorphous materials. This 
method involves placing a strain-gage-rosette (SGR) at a location of interest on the 
surface of a component. The strain gage location was marked on the specimen with the 
help of a brass tool or a lead pencil. The sample was then prepared as per the micro­
measurements guideline, which involves cleaning the surface of the sample with acetone. 
It is to be noted that abrasion was not used for specimen preparation as it might have 
induced residual stresses in the material. The specification of the strain-gage used for the 
ring-core measurement was TML Sokyo Sokki Kenkyujo Co, Gauge Pattern FRA-l-I I- 
IL. It had a gage diameter of 4.5 mm and a grid size of 1 mm X 0.7 mm. The strain-gage 
was bonded to the specimen surface with the help of M-Bond AE-IO, two-part epoxy. 
Initial bonding was done using an epoxy, which took eight hours to cure. This was 
followed by the utilization of a fast curing epoxy. This epoxy was also applied to the 
strain gage wires in order to prevent bending during the ring-coring operation. 
Displacements were manually applied to the specimen in order to ensure the proper 
working of the strain-gages. Fixtures for holding the specimen were selected based on the 
specimen configuration to be tested. The strain-gages were connected and a zero strain
16
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value was assigned to the strain-gages in order to measure the change in strain as a 
function of depth. The tank was filled with the dielectric fluid. The total depth and the 
depth increment were chosen prior to the ring-coring operation, giving an allowance to 
the tool wear. The ring-core method can typically measure residual stresses up to a depth 
of 0.25 inches without accounting for the tool wear. The coring tool made an annular 
groove around the strain-gage until the depth increment was reached. After achieving the 
required depth increment, the coring tool was pulled out and the strain relaxation 
corresponding to that depth was measured. The measured strain was plotted as a function 
of the depth. This process was repeated until the final depth was reached. The coring tool, 
made of copper had an inner diameter of 0.25 inches. The maximum depth was limited 
by the diameter of the core. Usually, larger the diameter of the tool, the greater is the 
depth up to which data can be collected.
The RC method is generally used when the XRD measurements are not feasible. This 
method works well on materials that are coarse-grained, such as cast metals or 
weldments. The RC technique can be used on ceramics and plastics as well as metallic 
materials.
The principle residual stresses were determined using the RC method as a function of 
depth. This method is valid for residual stresses up to 100% of the materials yield 
strength value. It has a low sensitivity to placement of strain gage and eccentricity of the 
machined ring. The RC method works on the principle of electro-discharge- 
machining (EDM) and hence, it is important to have an in-depth understanding of the 
EDM process.
17
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EDM also known as spark-erosion, is a shaping process in which the sparks that cross 
the gap between a shaped tool-electrode and a work piece cause the blank to be eroded 
selectively. In this die-sinking operation, shown in Figure 3.2, the upper tool-electrode 
and the lower work piece-electrode are wired into a direct-current cireuit and immersed 
in a dielectric fluid. The tool is lowered until a spark crosses the gap. If the power is then 
switched off and on at a very high frequency, the resultant sparks cause erosion to the 
work-piece. As erosion proceeds, the tool has to be lowered progressively to keep the 
working gap constant, and the work-piece slowly adopts the shape of the tool. The 
dielectric fluid provides electrical insulation, and simultaneously cools the electrodes and 
flushes away the erosion debris.
Tool
Electrode
Dielectric
Fluid
Work-piece
Electrode
Figure 3.2 Working Prineiple of EDM Process
During the EDM proeess, the electrical insulation breaks down at intervals and allows 
current to cross the separating gap. This ensures that the process can be closely 
controlled. The primary feature of the EDM process is that, unlike conventional
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
machining, the hardness or toughness of the work piece has no influence on either the 
speed of metal-removal or the power required.
The EDM process removes metal in a complex combination of electrical, thermal and 
meehanical effects, rather than by mechanical energy as in conventional machining. Tool 
wear, although inevitable, can in many cases be kept down to around 1% of the work 
piece erosion rate, and most electrodes in the die sinking process can be reused several 
times before losing their shape and dimensional accuracy.
A special SGR, termed as ring-core-rosette was used in this method. The ring-core 
rosette is a combination of three superimposed strain-measuring grids, each angularly 
displaced by 45 degrees. The rosette has a relatively hard metallic cover to protect it 
mechanically from damage due to machined particles during the EDM process, and to 
provide a simple way of conneeting the leads, which must be led away vertically 
upwards. The SGR arrangement is shown in Figure 3.3.
r
7
a ( 0
Figure 3.3 Strain-Gage Rosette Arrangements
Figure 3.4 shows the principle of a method based on the step-by-step milling of the 
annular groove by an amount dz, which releases residual stresses eausing changes in 
strain on the upper face of the core. These changes in strain are measured in three
19
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directions defined relative to one another. The evaluation of residual stresses using the 
ring-core method assumes that one of the principle directions of the residual stress state is 
in a direction perpendicular to the specimen’s surface and that no stress exists in this 
direction. An unknown biaxial residual stress state exists parallel to the surface.
strain gauge
2ZZ
o.dz
o dz
Figure 3.4 Step-by-step Milling Method
During the RC method, surface preparation has to be performed in order to fix the 
strain gages on the test specimen. Therefore, the surface of the specimen was cleaned 
with acetone. The strain gage was fixed onto the test specimen with the help of an epoxy. 
The epoxy was then allowed to cure. Mechanical displacements were applied to the test 
specimen to ensure proper working of the strain gages. After setup of the machine, the 
strain gages were connected and a zero strain was assigned to it in order to measure the 
change in strain, de. The total depth of measurement and the depth increments were 
selected before starting the test. The data acquisition program used the de value and 
plotted the strain g as a function of the depth z. This data was then analyzed using a data
dereduction software that enabled the calculation of — . The residual stresses were
dz
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calculated using the following equations, which are derived using the fundamentals of 
mechanical metallurgy.
+vA 2^ (z)— (Equation 3.1)
dz dz
2
r^^a(z)
dz dz dz dz
(Equation 3.2)
dz dz
(Equation 3.3)
Where
£a= Strain measured in direction a
£b= Strain measured in direction b
£c= Strain measured in direction c
v= Poisson’s ratio of the material under study
Ga= Residual stress in the material measured by strain gage a
<7b= Residual stress in the material measured by strain gage b
<7c= Residual stress in the material measured by strain gage c
Ki(z) and K2(z)= relaxation functions in the uniaxial stress state.
21
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The relaxation functions must be known in order for the ring-core method to be 
practical. They were determined by a calibration process in a uniaxial tensile test before 
the actual ring-core measurements took place. The calibration test was carried out using 
the same equipment under similar operating conditions as for the residual-stress 
measurements. The relaxation functions are dependent on the core diameter, the shape of 
the groove bottom, and the geometrical arrangement of the strain-gage rosette as well as 
the residual-stress state and the groove depth. *2') The RC test setup is shown in Figure
3.5
Cc»fL11S 
i Tool
Strain
Gage
Test 
S pecinien
Figure 3.5 Testing Apparatus of the RC method
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3.5 Hardness Measurement
Attempts were made to measure the hardness of the materials. Thermal treatment was 
performed at the TRL. Subsequently, the hardness value of the test specimen was 
measured to correlate the measured hardness to the residual stresses estimated by 
different techniques.
3.6 Optical Microscopy
An important aspect of optical microscopy is to characterize the metallurgical 
microstructure resulting from specific thermal-treatment imparted to the test materials. 
For example, a quenched and tempered martensitic SS can develop fine-grained fully- 
tempered martensitic microstructure whereas an austenitic SS can produce larger-grained 
austenite phase due to solution-annealing. Specimen preparation was done by standard 
metallographic techniques, which involved cutting a section of the test specimen and 
mounting it. The mounted specimen was then polished to get a fine scratch-free surface. 
The polished test specimens were etched with reagents, which were material specific. 
Prior to the optical microscopic evaluation, the specimens are rinsed with de-ionized 
water. The impurities were removed with the help of acetone and ethyl alcohol solutions.
23
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CHAPTER 4 
RESULTS
The results of residual stress measurements by the ring-core method are presented in 
this section. While the detailed results utilizing this technique will be presented in this 
section, comparative analyses of these data to those obtained by other three techniques, 
namely ND, XRD and PAS are also presented.
4.1 Mechanical Properties and Hardness
The results of tensile testing and hardness measurements of all three test materials are 
shown in Table 4.1. These data reveal that the strength and the hardness value were much 
higher for the martensitic Alloys EP-823 and HT-9 compared to that of the austenitic 
Type 304L SS. As mentioned earlier in this thesis, the martensitic alloys were 
austenitized and quenched in oil followed by tempering. The quenched and tempered 
alloys produced higher strength and hardness. On the other hand, the austenitic Type 
304L SS was solution annealed, giving less strength and hardness values compared to 
those for the martensitic alloys. The enhanced ductility of austenitic Type 304L SS was 
due to the reduced hardness and strength resulting from the solution-annealing treatment.
24
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Table 4.1 Tensile Properties Including Hardness
Material 
/ Heat 
No.
Thermal
Treatment
Yield
Strength
(Ksi)
Ultimate
Tensile
Strength
(KaO
%E1 %RA Hardness
304LSS/
2239
Solution
Annealed
47.6 72.4 66.6 51 64 Rb
EP-823/
2154
Quenched
and
Tempered
103.4 124.4 24.9 61 25 Rc
HT-9/
2155
Quenched 
and 
T empered
115.7 139.4 21.4 61.39 31 Rc
4.2 Ring-Core Data
4.2.1 Cold-Worked Specimens 
The plate materials of austenitic Type 304L SS and martensitic Alloys EP-823 and 
HT-9, upon completion of thermal treatments, were subjected to different levels of cold 
reduction (CR) by rolling. Residual stresses were measured on these plates with and 
without cold-work by the RC technique. As anticipated, the magnitude of residual 
stresses was unusually low in plates that did not undergo any reduction in thickness by 
the cold rolling operation. However, the residual stresses measured in plates that were 
subjected to two different levels of cold-work as a function of depth were substantially 
higher, showing the maximum internal or residual stresses at the intermediate level of CR 
for all three alloys. The distribution of residual stresses as a function of depth for 
different levels of CR is shown in Figures 4.1 through 4.3 for Type 304L SS, Alloy EP-
25
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823 and Alloy HT-9, respectively. It should be noted that the residual stresses were 
tensile in nature for the former material, but compressive residual stresses were observed 
for the later two alloys. This difference in the type of residual stresses may be attributed 
to the difference in metallurgical properties including the microstructure due to thermal 
treatment and the resultant strength levels. The distribution of residual stresses in Alloys 
EP-823 and HT-9, subjected to 7.2-7.4% CR, as a function of depth is illustrated in 
Figure 4.4, showing compressive residual stresses on the surface and gradually reducing 
with depth, as expected. The similar patterns of residual stresses can be attributed to the 
fact that both materials fall under the category of martensitic SS. It is obvious that the 
materials that were not subjected to any plastic deformation should contain very little or 
no residual stresses. As indicated in the previous section, all materials were thermally 
treated prior to the CR to ensure release of internal stresses that might have developed 
during the prior forming operations.
300
1M K-.3041..S.S
200  -
100  -
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D ep th  (m m )
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- A -  Type 304L SS (11.6% CW)
Figure 4.1 Residual Stresses versus Depth for Different CR
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Figure 4.2 Residual Stress versus Depth for Different CR
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Figure 4.3 Residual Stress versus Depth for Different CR
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Figure 4.4 Comparison of Residual Stresses at 7.4% CR versus Depth
4.2.2 Welded Specimens
Residual stresses measured on a welded specimen consisting of Type 304L SS only 
by the RC method indicate that the nature of stress adjacent to the fusion line was tensile, 
as shown in Figure 4.5. These stresses gradually became compressive indicating reduced 
residual stresses at locations away from the fusion line (FL). A similar trend was 
observed for welded specimens consisting of Alloys EP-823 and HT-9 only on both 
sides, as illustrated in Figure 4.6 and 4.7 respectively. A comparison of the residual stress 
distribution adjacent to the FL for all three tested alloys are shown in Figure 4.8, once 
again showing tensile residual stresses. However, the magnitude of residual stresses was 
somewhat greater for Type 304L SS compared to those of other two alloys. Residual 
stresses were also measured on welded specimens consisting of dissimilar alloys as a 
function of depth by the RC technique. The stress distribution on the Type 304L SS side 
of the welded specimen consisting of Type 304L SS and Alloy HT-9 is shown in Figure
28
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4.9. These data clearly indicate that the stresses generated during the welding operation 
were tensile in nature, with the maximum stress developed in the vicinity of the FL. On 
the contrary, the residual stresses were compressive on the Alloy EP-823 side of this 
welded specimen, as illustrated in Figure 4.10. This difference in the nature of residual 
stress may be attributed to the different metallurgical characteristics of two alloys during 
the welding operation.
600 T IMK-.^04I.SS lApc.VMI.SS
400
£  200
Ï  .2 0 0  -
1 / 3
-400 -
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♦ Adjacent to fusion line 
— 6. 35 mm from fusion line 
—a — 25.4 mm from fusion line
Figure 4.5 Residual Stress versus Depth at Different Distance from FL
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Figure 4.6 Residual Stress versus Depth at Different Distance from FL
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Figure 4.7 Residual Stress versus Depth at Different Distance from FL
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Figure 4.8 Comparison of Residual Stress versus Depth Adjacent to the Fusion 
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Figure 4.9 Residual Stress versus Depth on Type 304L SS Side of Weld
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Figure 4.10 Residual Stress versus Depth on Alloy EP-823 Side of Weld
4.3 Comparison of Residual Stresses by Different Techniques 
4.3.1 Ring-Core versus Neutron Diffraction data
4.3.1.1 Cold-Worked Specimens 
Residual stresses measured by RC and ND methods on Alloy EP-823 subjected to 
11.6% CR were compared, and the results are shown in Figure 4.11. The residual stresses 
were compressive near the surface, and gradually became tensile at greater depths. ND 
measurements showed a gradual transition to tensile stresses with an increase in depth, 
similar to the observations made by the RC method at the same level of CR.
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Figure 4.11 Comparison of Residual Stress Profiles for CR Specimens
4.3.1.2 Welded Specimens 
A comparison of residual stresses performed by RC and ND method on a welded 
specimen consisting of Type 304L SS and Alloy EP-823 are shown in Figures 4.12 and
4.13. The RC measurements performed on the Type 304L SS side of this welded 
specimen near the FL were tensile in nature. At a distance of 25.4 mm from the FL, the 
residual stresses were compressive, and gradually became tensile at greater depth. The 
ND measurements on the same side of the welded specimen revealed a different stress 
versus depth profile. The residual stress profile on the Alloy EP-823 side of this welded 
specimen, measured by both RC and ND methods, revealed compressive stresses 
adjacent to the FL whereas at a distance of 25.4 mm away from the FL, the stresses 
became relatively tensile (close to zero level) in nature indicating a reduction in the 
residual stresses at locations away from the FL. It is evident from the ND measurements 
that the magnitude of the measured residual stresses on the Alloy EP-823 side at a
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distance of 25.4 mm from the FL was quite insignificant suggesting very little or no 
residual stress in the base material. On the contrary, the residual stress on the Type 304L 
SS side at a similar distance from the FL was relatively higher indicating the 
development of tensile residual stresses. No explanation can be provided to rationalize 
this observation. The residual stresses measured as a funetion of depth for a welded 
speeimen consisting of Alloy HT-9 only on hoth sides similarly indicate the presenee of 
tensile residual stresses adjacent to the FL. The magnitude of these stresses was found to 
gradually decrease at locations away from the FL, showing relatively compressive 
stresses. Measurements made by the ND technique revealed a similar pattern. The stress 
versus depth profile for the welded specimen of this eonfiguration is shown in Figure
4.14.
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Figure 4.12 Comparison of Residual Stress Profiles for Type 304L SS Side of the Welded 
Specimen
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4.3.2 Ring-Core versus Positron Annihilation Spectroscopy Data
An attempt has been made to compare the data obtained by the RC and the PAS 
technique. Although a quantitative comparison of data cannot be made using both 
techniques, a comparison of the RC data to the PAS data is attempted based on the value 
of the line-shape parameter obtained in the PAS testing. For the welded specimen 
consisting of Type 304L SS and Alloy EP-823, the RC measurements performed on the 
Type 304L SS side revealed tensile residual stresses adjacent to the FL while reduced 
residual stresses were observed at a distance of 1 inch from the FL. A similar trend was 
also noticed in the PAS data. The magnitude of the T-parameter was lower adjacent to the 
FL indicating a higher residual stress value. An increase in the T-parameter value usually 
signifies a decrease in residual stress. This trend is shown in Figure 4.15 (a) and (b).
An examination of the stress profile, obtained on the Alloy EP-823 side of this 
welded specimen by the RC method, reveals that compressive residual stresses were 
generated at the FL followed by less compressive stresses at a distance of 25.4 mm form 
the FL. A higher T-parameter value was observed at the FL based on the PAS 
measurement indicating reduced or compressive stresses, which gradually became less 
compressive away from the FL indicated by a higher T-parameter value, as shown in 
Figure 4.16. In essence, the residual stresses were reduced at locations away from the FL, 
irrespective of the technique used in characterizing the residual stresses.
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Figure 4.15 Comparison of Residual Stress Profiles for Type 304L SS Side of the Welded 
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4.3.3 Ring-Core versus X-Ray Diffraction data 
Residual stresses measured on the Alloy EP-823 side of the welded specimen 
consisting of Type 304L SS and Alloy EP-823 by the RC and the XRD methods showed 
compressive residual stresses at the FL, as seen earlier. Similarly, the magnitudes of the 
residual stresses were gradually reduced at locations away from the FL, as shown in 
Figure 4.17. This reduction in stresses can be rationalized in view of minimization of 
residual stresses to a zero level at a distance of 25.4 mm, which in a real sense represents 
the base material. Residual stress measurements on the Type 304L SS side of this welded 
specimen was not possible using the XRD method due to its relatively coarse-grained 
microstructure.
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Figure 4.17 Comparison of Residual Stress Profiles for Alloy EP-823 Side of the Welded 
Specimen
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4.4 Metallography
Even though this investigation is primarily focused on the evaluation of residual 
stresses in austenitic and martensitic target structural materials using destructive and non­
destructive techniques, it seems appropriate to characterize the metallurgical 
microstructures, especially in a welded specimen. In view of this rationale, metallurgical 
evaluations were performed on welded specimens consisting of similar and dissimilar 
materials. The optical micrograph for Type 304L SS is illustrated in Figure 4.18 showing 
equiaxed austenite grains and annealing twins. The optical micrograph of Alloy EP-823 
is illustrated in Figures 4.19, showing fine-grained martensitic microstructure with some 
delta ferrite. Figure 4.20 shows the microstructure of Alloy HT-9 that resembles the 
microstructure of Alloy EP-823.
Anne aim 
Twins
1 *
(a) 304L SS (Base Metal) Etched, (b) Weld Metal and Base Metal 
lOX Etched, lOX
Figure 4.18 Metallurgical Microstructures of Type 304L SS Welded Sample
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Figure 4.19 Metallurgical Microstructures of Alloy EP-823 Welded Sample
Figure 4.20 Optical Micrographs of Etched Alloy HT-9, lOX
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CHAPTER 5 
DISCUSSION
Both destructive and nondestructive techniques have been used to measure 
residual/internal stresses in candidate target structural materials that were subjected to 
cold deformation and welding operations. The materials tested include austenitic Type 
304L SS and martensitic Alloys EP-823 and HT-9. All materials were tested in properly 
heat-treated conditions. As presented in the previous section, detailed analyses of data 
based on the RC testing technique have been performed. In addition, residual stress 
measurements obtained by three other techniques namely the ND, PAS and XRD 
methods have been included for comparison purpose. This section is aimed at providing 
an analytical discussion on the resultant data. For simplicity, the data obtained by each 
technique has been discussed separately.
The specimens of Type 304L SS without any CR showed some residual stresses in it, 
which may be the result of prior plastic deformation whereas the samples of Alloys EP- 
823 and HT-9 that did not undergo any CR practically revealed no residual stresses. The 
CW specimens of Alloy EP-823 and Type 304L SS with 7.2 and 11.6% CR showed 
much higher residual stresses compared to those without any CR. It should be noted that 
the residual stresses were tensile in nature for Type 304L SS, but compressive residual
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stresses were observed for Alloys EP-823 and HT-9 at the intermediate CR level. This 
difference in the type of residual stresses may be attributed to the difference in 
metallurgical properties including the microstructure due to thermal treatment and the 
resultant strength levels. A comparison of residual stresses in Alloy EP-823 with 11.6% 
CR, measured by both the RC and ND methods, showed a similar pattern in that the 
stress values became more tensile with greater depth.
Residual stresses measured on the welded specimen consisting of Type 304L SS on 
either side of the weld were tensile in nature. These stresses gradually became 
compressive indicating reduced residual stresses at locations away from the FL. A similar 
trend was observed for welded specimens consisting of Alloys EP-823 and HT-9 only on 
both sides of the weld. Measurements performed on the Type 304L SS side of the welded 
specimen consisting of Type 304L SS and Alloy EP-823 revealed tensile residual stresses 
adjacent to the FL. The nature of the stresses became relatively more compressive at 
distances away from the FL indicating a reduction in the residual stresses. On the 
contrary, measurements performed on the Alloy EP-823 side of the same welded 
speeimen showed the existenee of eompressive residual stresses adjacent to the fusion 
line that beeame less compressive at locations away from the FL. This difference in the 
nature of residual stress may be attributed to a difference in the rate of solidifieation and 
different metallurgieal charaeteristies of these two alloys during the welding operation. 
Similar observations have been made by other investigators.
Attempts were made to compare the residual stresses generated by the RC and ND 
techniques on both the Type 304L SS side and the Alloy EP-823 side of the welded 
specimen. The RC data on the Type 304L SS side showed tensile residual stresses in the
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vicinity of the FL with a transition to compressive stresses at locations away from it. On 
the other hand the ND data showed compressive residual stresses at the FL up to a 
comparable depth followed by tensile stresses at a distance of 25.4 mm from this region. 
Ideally it would be expected that irrespective of the testing technique, the nature of 
internal residual stress should be identical even though their magnitude may vary. Since 
different types of residual stresses (tensile versus compressive) were observed, it is 
necessary that additional measurements be performed using both techniques. With 
respect to similar measurements on the Alloy EP-823 side of this specimen, compressive 
stresses were observed by both techniques at the FL, which became less compressive at a 
distance of 25.4 mm from this region due to minimization of residual stress in the base 
material, as expected.
Comparison of residual stresses measured by both the RC and ND techniques on a 
welded specimen consisting of Alloy HT-9 only showed tensile residual stresses adjacent 
to the FL, as indicated earlier. However the stresses measured at distances away from the 
FL by similar techniques showed gradual transition to compressive stresses indicating 
significantly reduced residual stresses in the base material, as expected.
An evaluation of the residual stress data generated on the Type304L SS side of the 
same welded specimen by the PAS technique indicate that the magnitude of the T- 
parameter was lower near the FL indicating higher residual stresses. A higher T- 
parameter value was observed at a distance of 25.4 mm from the FL indicating lower 
residual stresses similarly observed by the RC method at the same loeation. As to the 
PAS measurement on the Alloy EP-823 side, an opposite behavior was noted in that the 
magnitude of the T-parameter was higher adjacent to the FL and lower away from the FL.
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This data may indicate the presence of compressive stress at the FL, which may 
eventually be neutralized away from the FL showing less compressive residual stresses. 
This different trend in the nature of residual stress, once again, can be attributed to the 
different metallurgical characteristics between austenitic and martensitic SS. The 
coefficient of expansion and contraction of austenitic versus martensitic phases are quite 
different. Thus the rate of solidifieation on the Type 304L SS side of the welded 
specimen would be different from that on the Alloy EP-823 side. This phenomenon 
significantly influences the resultant microstructure and strength of Type 304E SS and 
Alloy EP-823. Further the austenitic grain size is relatively larger compared to that of the 
martensitic phases.
As indicated earlier, XRD measurements could not be performed on Type 304L SS 
side of the welded specimen due to its coarse-grained metallurgical microstructure. 
Measurements performed on the Alloy EP-823 side of the welded specimen by both RC 
and XRD techniques showed compressive residual stresses in then vicinity of the FE, but 
the nature of these stresses gradually became less compressive with increasing distances 
from the FE, as expected. Thus, in essence, the data obtained by both techniques were 
consistent.
Metallurgical characterization performed on austenitic Type 304L SS revealed 
equiaxed grains and annealing twins while similar investigations performed on 
martensitic Alloys EP-823 and HT-9 revealed some delta ferrite in the background of 
streaked tempered martensite. These metallurgical microstructures are very similar to 
those determined by other investigators using similar techniques.
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CHAPTER 6
SUMMARY AND CONCLUSIONS
Residual stress measurements were performed on three candidate target structural 
materials including austenitic Type 304L SS and martensitic Alloys EP-823 and HT-9 
using both destructive and non-destructive techniques. This thesis is primarily focused on 
presenting the results of residual stress measurements by the destructive RC technique on 
cold-worked and welded specimens. An attempt has also been made to compare the RC 
results to those obtained by other techniques such as ND, PAS and XRD. Optical 
microscopic evaluations have also been performed to evaluate the metallurgical 
microstructures of welded specimens. The significant conclusions derived from this 
investigation are given below.
• RC measurements on cold-worked specimens of austenitic Type 304L SS 
subjected to 6.7% CR revealed tensile residual stresses whereas compressive 
residual stresses were observed on martensitic Alloys EP-823 and HT-9 at a 
comparable level of CR. This difference may be attributed to the different 
metallurgical phases and microstructures resulting from different thermal 
treatments imparted to austenitic versus martensitic alloys.
• Measurements performed on welded specimens of all three alloys with the same 
material on either side of the weld revealed tensile residual stresses adjacent to th
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FL while the nature of the measured stresses became relatively more compressive 
at distances away from the FL as expected.
• Measurements performed on Type 304L SS side of the welded specimen 
consisting of Type 304L SS and Alloy EP-823 revealed tensile residual stresses at 
the FL. On the contrary, measurements performed on the Alloy EP-823 side of the 
same specimen revealed compressive residual stresses adjacent to the FE. This 
difference is attributed to the different metallurgical characteristics of Type 304L 
SS and Alloy EP-823.
• Comparative analyses of residual stresses measured on specimens of Alloy EP- 
823 subjected to 11.6% CR by the RC and ND methods showed similar behavior 
in that the stresses gradually became less compressive with depth indicating 
minimum residual stresses.
• Comparison of residual stresses measured on the Alloy EP-823 side of the welded 
specimen consisting of Type 304L SS and Alloy EP-823 by all four techniques 
showed compressive residual stresses in the vicinity of the FL, which almost 
became reduced to zero stress level away from this region. ND measurements on 
the Type 304L SS side of the same welded specimen showed gradual transition 
from compression to tension at FL followed by even higher tensile stresses.
• Optical micrographs of the tested specimens showed conventional fine-grained 
martensitic microstructures in Alloys EP-823 and HT-9. Equiaxed austenite grains 
were observed in Type 304L SS. Microstructures of a welded specimen were also 
evaluated showing different regions including the weld, HAZ and base material 
on both sides.
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CHAPTER 7
SUGGESTED FUTURE WORK
The following additional work for future evaluations is suggested.
• Residual stress measurements by RC method need to be performed on three- 
point-bent specimens.
• The effect of post-weld-thermal-treatment on the resultant residual stresses in the 
welded specimens needs to be explored.
• The effect of radiation-hardening of target structural materials requires further 
investigation.
• Characterization of imperfections/defects in cold-worked and welded specimens 
by transmission electron microscopy needs to be performed.
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APPENDIX I
RESIDUAL STRESS DISTRIBUTION ON WELDED SPECIMENS BY RC METHOD
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APPENDIX II
XRD MEASUREMENTS ON TPB SPECIMEN OF ALLOY EP-823
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